Hepatitis C virus-infected (HCV+) adults evidence increased rates of psychiatric and cognitive difficulties. This is the first study to use functional magnetic resonance imaging (fMRI) to examine brain activation in untreated HCV+ adults. To determine whether, relative to non-infected controls (CTLs), HCV+ adults exhibit differences in brain activation during a delay discounting task (DDT), a measure of one's tendency to choose smaller immediate rewards over larger delayed rewards-one aspect of impulsivity. Twenty adults with HCV and 26 CTLs completed an fMRI protocol during the DDT. Mixed effects regression analyses of hard versus easy trials of the DDT showed that, compared with CTLs, the HCV+ group exhibited less activation in the left lateral occipital gyrus, precuneus, and superior frontal gyrus. There were also significant interactive effects for hard-easy contrasts in the bilateral medial frontal gyrus, left insula, left precuneus, left inferior parietal lobule, and right temporal occipital gyrus; the CTL group evidenced a positive relationship between impulsivity and activation, while the HCV+ group exhibited a negative relationship. Within the HCV+ group, those with high viral load chose immediate rewards more often than those with low viral load, regardless of choice difficulty; those with low viral load chose immediate rewards more often on hard choices relative to easy choices. Results show that HCV+ patients exhibit greater impulsive behavior when presented with difficult choices, and impulsivity is negatively related to activation in regions important for cognitive control. Thus, interventions that decrease impulsive choice may be warranted with some HCV+ patients.
Introduction
The development of direct-acting antivirals (DAA) has markedly improved sustained viral response (SVR) rates in those receiving treatment for hepatitis C virus (HCV) (D'Ambrosio et al. 2017) . However, universal access to treatments, even in wealthy countries, is unlikely in the foreseeable future due to high costs and other barriers (Chidi et al. 2016a, b; Gentile et al. 2016) , and a minority of individuals (~1-9%) do not clear the virus even following treatment with DAA (D'Ambrosio, Degasperi et al. 2017) . Thus, HCV continues to be a world-wide epidemic, affecting more than 185 million people (more than 2.8% of population) internationally (Mohd Hanafiah et al. 2013) .
Our group and others have shown that untreated adults with HCV experience a range of psychiatric (Dwight et al. 2000; Poynard et al. 2002; Fireman et al. 2005; Golden et al. 2005; Rowan et al. 2005; Dan et al. 2006; Martin-Santos et al. 2008; Whitehead et al. 2008; Huckans et al. 2014 ) and cognitive symptoms (Forton et al. 2002; Martin et al. 2004; von Giesen et al. 2004; Weissenborn et al. 2004; Cherner et al. 2005 ; Letendre et al. 2005; McAndrews et al. 2005; Karaivazoglou et al. 2007; Huckans et al. 2009; Sakamoto et al. 2013) . For example, we found that, compared with non-infected controls who were matched in terms of demographics and medical, psychiatric, and substance use history, untreated adults with HCV report significantly worse symptoms of depression, anxiety, fatigue, and pain (Huckans et al. 2014) . Similarly, untreated adults with HCV demonstrated increased impairments on standard neuropsychological tests of memory, attention, and executive function, irrespective of drug use history, compared with controls whom were well matched on demographics and medical and psychiatric history (Huckans et al. 2009 ). Although the most common transmission route for HCV is injection drug use (IDU), these studies have generally demonstrated that HCV-associated neuropsychiatric impairments occur even after controlling for other factors such as medical, psychiatric, and substance use comorbidities.
Executive dysfunction, in particular, has been frequently noted in individuals with HCVon various neuropsychological tests, including those measuring verbal and non-verbal reasoning/problem-solving skills, abstraction, and mental flexibility (Weissenborn et al. 2004; Cherner et al. 2005; Letendre et al. 2005; Bieliauskas et al. 2006; Huckans et al. 2009 ). Impulsivity is regarded as another aspect of executive function, and several (Cordoba et al. 2003; Martin et al. 2004 ), but not all (Huckans et al. 2009 ), previous studies have found HCV-associated deficits on neuropsychological measures of response inhibition, one aspect of impulsivity. Other studies have shown that adults with HCV report increased behavioral symptoms of executive dysfunction, disinhibition, and impulsivity relative to non-infected controls (Posada et al. 2010; Fabregas et al. 2014; Dantas-Duarte et al. 2016) . Delay discounting has been conceptualized as a behavioral model of impulsivity in which impulsive individuals are likely to choose smaller, less valuable immediate rewards over larger, more valuable delayed rewards (Ainslie 1975) . Although delay discounting tasks (DDTs) vary, in general, the magnitude of an individual's tendency towards delay discounting is commonly calculated as a function of the length of various delay periods as well as the value of various immediate versus delayed rewards (Reynolds 2006) . Individuals with a variety of addictions have an increased tendency towards delay discounting (Hoffman et al. 2006; Reynolds 2006; Hoffman et al. 2008) , and temporal discounting has been proposed as a behavioral marker of addiction (Bickel et al. 2014) . In our own previous study, we found that untreated HCV-infected adults, including groups with and without a history of substance use disorders, also exhibited an increased preference for immediate rewards on the DDT, compared with well-matched (demographics, medical and psychiatric history) non-infected controls (Huckans et al. 2011) . Likewise, one other study demonstrated that HCV infection (but not human immunodeficiency virus (HIV) infection or the interaction of HCV and HIV infection) was associated with more impulsive performance on the DDT among adults with current drug dependence (Martin et al. 2015) .
The present study is a follow-up to our previous investigations, as described above. Specifically, our primary objective was to determine whether, relative to non-infected controls, individuals with HCV exhibit differences in brain activation during a DDT. Previous neuroimaging studies comparing untreated adults with HCV to non-infected controls have found a variety of HCV-associated changes using various methods (electroencephalogram (EEG) (Weissenborn et al. 2004) , magnetic resonance spectroscopy (MRS) (Forton et al. 2001; Taylor et al. 2004; Weissenborn et al. 2004; McAndrews et al. 2005; Bladowska et al. 2013; Thames et al. 2015) , multimodal MRI or diffusion tensor imaging (DTI) (Bladowska et al. 2013; Thames et al. 2015; Kharabian Masouleh et al. 2017; Kumar et al. 2017) , perfusion-weighted MRI (Bladowska et al. 2013; , positron emission tomography (PET) (Grover et al. 2012; Pflugrad et al. 2016) ). Collectively, findings could be interpreted to suggest that HCV causes or is associated with central nervous system (CNS) inflammation, damage, and/or neurodegeneration. For example, HCVassociated increases in fractional anisotropy (FA) in the striatum were also associated with poorer language fluency and overall neuropsychological function in HCV-infected patients in one study (Thames et al. 2015) , and HCV-associated EEG alterations were correlated with poorer cognition in HCVinfected patients in another study (Weissenborn et al. 2004) . Alternatively, findings could suggest that markers may in part represent compensatory (protective) mechanisms of the CNS to HCV infection. For example, HCV-associated increases in microglial activation were associated with improved cognitive function in HCV-infected patients in one study (Pflugrad et al. 2016) , and HCV-associated increases in functional connectivity were associated with better memory and attention performance in HCV-infected patients in another study (Kharabian Masouleh et al. 2017 ).
The present study adds to the neuroimaging literature on HCV by utilizing functional magnetic resonance imaging (fMRI) to examine brain activation during a DDT. One previous study used fMRI to show that, compared with an untreated HCV-infected group (n = 11), a group of HCVinfected adults being treated with interferon alpha therapy (n = 10) evidenced significantly increased activation of the anterior cingulate cortex (ACC) during a task of visuospatial attention (Capuron et al. 2005) . While results could reflect a treatment effect, because of the cross-sectional design and lack of a non-infected control group, it is unclear whether differences may have existed prior to treatment due to other confounds or whether adults with HCV (treated or untreated) might differ from healthy controls without HCV. To our knowledge, the present study is the first fMRI study to examine brain activation in untreated HCV-infected adults compared with non-infected controls to assess HCV effects (rather than treatment effects). Impulsive choice has been proposed as a core feature of addiction as well as a risk factor for treatment failure (de Wit 2009; Newton et al. 2009; Ersche et al. 2010; Stevens et al. 2015) . has argued persuasively that neurobehavioral decision systems could be used as dimensional descriptors of addiction and impulsive choice. Models of impulsive decision making often posit an underactive cognitive control network, consisting of, e.g., prefrontal cortex and posterior parietal cortex and a more active salience attribution network comprised of, e.g., insula, striatum, and anterior cingulate cortex [e.g., McClure et al. 2004] . These networks have been identified in methamphetamine users (Hoffman et al. 2008) , alcohol-dependent patients (Claus et al. 2011) , and tobacco smokers (MacKillop et al. 2012) . As neuroimaging findings in HCV-infected patients similarly suggest brain changes in prefrontal, posterior parietal, and striatal areas, we hypothesized that HCV-infected patients would evidence altered activation in these regions relative to non-infected controls on the DDT. We used a variation of the method of Hoffman et al. (Hoffman et al. 2008 ) to contrast hard choices (near the indifference curve) with easy choices (far from the indifference curve). This contrast controls for neural activation related to task performance (e.g., visual scanning, button pressing) but not to decision-making.
Despite limitations (e.g., studies are often correlational), there is growing recognition of the value of neuroimaging measures as potential biomarkers for neuropsychiatric disorders and treatments (Garrison and Potenza 2014) . The present study examines brain activation during a DDT in untreated HCV patients without recent history (past year) of alcohol or drug dependence, because a better understanding of the neurobiological mechanisms of impulsive choice in this population may help to identify reasonable therapeutic targets. For example, if findings in this population are consistent with models of impulsive decision-making in other populations, then the development and evaluation of medications and behavioral treatments (e.g., cognitive rehabilitation interventions focused on decision-making, problem-solving, and planning skills) that improve cognitive control network activation may be warranted for HCV patients with executive impairments and/or high-risk behaviors. Although limited in size and scope, this is the first neuroimaging study to test the neurobiological model of impulsive decision-making in an HCV sample.
Methods

Subjects
Fifty subjects were recruited from the VA Portland Health Care System (VAPORHCS), the Oregon Health Clinic, and the community via study advertisements, mailings to patients who had previously participated in HCV research, announcements at hospital-based HCV education classes, or word of mouth. All subjects provided written informed consent approved by the VAPORHCS Institutional Review Board. The HCV group included 22 subjects with a positive diagnosis of HCV (verified by a detectable HCV viral load based on polymerase chain reaction (PCR) tests in their medical record or ordered through this study if recent records were unavailable) and probable infection of 5 years or more. The control (CTL) group included 28 subjects with no history of HCV infection (verified by a recent negative HCV antibody test in their medical record or ordered through this study if recent records were not available). Medical laboratory tests, including those used for HCV status verification, were collected as part of this study if the most recent tests in a participant's medical record was from > 30 days prior to the study visit.
Exclusion criteria included previous history of interferon therapy or decompensated liver cirrhosis, as determined by the study hepatologist (AS) and relevant lab values (aspartate aminotransferase (AST), alanine transaminase (ALT), AST to Platelet Ratio Index (APRI)). Other exclusions included history of traumatic brain injury with loss of consciousness ≥ 30 min or suspected persistent cognitive impairment due to traumatic brain injury; color blindness or visual or auditory impairment that would prevent completion of cognitive tests; current pregnancy; cancer not currently in remission or history of chemotherapy; history of a major medical condition, or currently unstable medical condition, that is likely to be associated with significant cognitive, neurological, or immune dysfunction (e.g., brain tumor, stroke, multiple sclerosis, Parkinson's disease, Huntington's chorea, seizure disorder, dementia, or pervasive developmental disorders); acute medical illness likely to impact immune system; history of schizophrenia, schizoaffective disorder, or current Axis I psychiatric diagnosis, based on Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition (DSM-IV) criteria (American Psychiatric Association 2000), confirmed with the Mini International Neuropsychiatric Interview (MINI) (Sheehan et al. 1998) ; alcohol or substance dependence if in remission for less than 365 days, based on DSM-IV criteria (American Psychiatric Association 2000), confirmed with the MINI (Sheehan et al. 1998 ); use of illicit drugs or alcohol intoxication within 24 h; current or regular use of antipsychotics, anticholinergics, stimulants, nitrate-containing medications, or other medications with acute cognitive effects such as sedation or intoxication. Subjects were also excluded for contraindications of MRI such as metal implants, pacemakers, and pregnancy.
Of note, this was not a treatment study, and this study was conducted prior to the availability of new DAAs. Thus, our participants were either (1) not planning to seek treatment (e.g., due to concerns for potential side effects; lack of social or other resources to support them during treatment; it was not a good time for them due to parental, work, or other responsibilities or priorities), (2) delaying treatment in the hopes that medications with better outcomes would become available, or (3) planning to start treatment soon but had not yet.
Procedures
All participants were reimbursed $150 to complete the following study procedures: clinical interview, medical record review, the Wechsler Test of Adult Reading (WTAR) (Holdnack 2001) to assess for baseline cognitive ability, the Generalized Anxiety Disorder 7-item Scale (GAD-7) (Spitzer et al. 2006 ) and the Beck Depression Inventory, Second Edition (BDI-II) (Beck et al. 1996) to assess for psychiatric symptom severity, a neuroimaging protocol, the delayed discounting (DDT) as described below, and a blood draw to allow for standard medical laboratory tests if unavailable by medical record.
Clinical interviews were conducted using a structured case report form, developed specifically for this study, including prompts to screen patients based on each inclusion criteria, gather relevant demographic data, evaluate for history of head injuries, and record a comprehensive list of current and previous medical conditions. Axis I psychiatric and substance use disorder diagnoses were assessed using the MINI (Sheehan et al. 1998 ), a well-validated structured clinical interview based on DSM-IV (American Psychiatric Association 2000) criteria. Study personnel additionally reviewed each participant's medical record if available to collect medical laboratory results and to cross-validate the psychiatric, substance use, and medical history gathered in the clinical interview.
Delay discounting task-behavioral protocol
The DDT was initially administered as described in Hoffman et al. (Hoffman et al. 2008) . Subjects were shown two options presented simultaneously on the left and right sides of a screen. One option offers a small reward available immediately, while the other option offers a larger reward (always $100) with a time delay between 1 and 365 days. From this data, an indifference curve is generated ( Fig. 1 ) from a series of indifference points; an indifference point is the amount of money where the preference for the immediate or delayed choice is equal (Schwartz, Mitchell et al. 2010) , as given in Eq. 1,
where SV is the subjective value of the delayed reward, k is a subject-specific measure of impulsivity, and d is the time (in days) to the larger delayed reward. After the initial administration, subjects performed additional runs in the lab where the maximum delay was lengthened or shortened until the subject chose nearly equal immediate and delayed options to better distribute data points. We used a softmax procedure (Miedl et al. 2014) implemented in MATLAB (Inc. 2013) to determine the value of k. Subject-specific impulsivity graphs and curves were generated using both the initial standard run and the final in-scanner behavioral data, and impulsivity (IMP) was defined as the fraction of total area above the indifference curve between 0 and 365 days (Schwartz et al. 2010) .
Delay discounting task-imaging protocol
The DDT was presented as an event-related fMRI task, with three 10.5-min runs. Each run included 116 choice pairs and 39 magnitude-estimation (ME) control trials, where both options were identical in either value or delay (e.g., $100 now OR $30 now). A jittered inter-trial interval Fig. 1 Representation of a typical subject's answers on the delay discounting task. As temporal delay increases, the number of immediate choices (green) increases, while the number of delayed choices (red) decreases. The indifference curve (black line) generated from subject responses reflects the points where subjects are equally likely to choose immediate or delayed options. The options near the indifference curve (pink) reflect hard choices while options distant from the indifference curve reflect easy choices varied between 0 and 4 s. The task was presented with Presentation software (Neurobehavioral Systems, Inc.).
MRI acquisition
Magnetic resonance imaging was acquired on a 3-T Siemens TIM Trio scanner. Functional T2*-weighted, echo-planar images (EPI) were acquired (TR = 2000 ms, TE = 50 ms, flip angle = 80°, FOV = 240 × 240 mm, 320 volumes and 24 slices of 4 mm thickness and 1 mm gap between slices). Three runs were collected in the scanner while performing the DDT. An anatomical magnetization-prepared rapid gradient-echo (MPRAGE) T1w scan was also acquired for coregistration to functional imaging (TR = 2300 ms, flip angle = 12°, FOV = 208 × 256 mm, 144 volumes, slice thickness of 1 mm, 176 slices and no gap between slices).
MRI processing
Image analysis was performed using the FMRIB Software Library (FSL; version 5.0; www.fmrib.ox.ac.uk/fsl). The image series from each participant was first realigned to compensate for small head movements (Jenkinson et al. 2002) , and then high-pass temporal filtering (100 s) was applied. Data were spatially smoothed using a 5-mm FWHM Gaussian kernel, and skull-stripping was performed using the FSL Brain Extraction Tool. EPI images were first registered to the highresolution MPRAGE structural image and then into standard Montreal Neurological Institute space. Statistical analyses were performed on data in native space using FMRIBs fMRI Expert Analysis Tool (FEAT), and the statistical maps were spatially normalized to standard space prior to higher-level analysis.
Image analysis
Four types of events or conditions were included in the general linear model (GLM): easy choice trials, hard choice trials, ME (control trial), and missed trials. Easy and hard choices were differentiated according to the methods of Hoffman et al. (Hoffman et al. 2008 ) whereby hard choices needed longer consideration (longer reaction times) and fall closer to the discounting curve than easy choices. The distance from the discounting curve, which was used to differentiate hard versus easy choices, was calculated from the distribution of reaction times for the in-scanner behavioral data and was set at $26 dollars. Hard choices were those within $26 of the indifference curve (the pink region in Fig. 1 ), while easy choices were those that were further away from the indifference curve. Regressors were created by convolving a set of delta functions that represented the onset times of the events with a canonical (double-gamma) hemodynamic response function (HRF). The participant's response time to decide determined the width of the HRF for each event. Additional regressors that represented the first temporal derivatives of the eventrelated regressors were included to capture variance associated with slight variations in the temporal lag of the hemodynamic response.
Whole-brain statistical analyses, using a fixed effects model, were conducted separately for each imaging run per participant and again to combine contrast images across the three runs. For between-participant analyses, the FMRIB Local Analysis of Mixed Effects module was used with lifetime substance dependence and current tobacco use status as covariates. Impulsivity was entered as a covariate in a separate model to examine group interactions with behavioral performance on task activation. Thresholds for statistical images were set at a voxel height of Z > 1.96 and a cluster-probability threshold of p < 0.05, corrected for whole-brain multiple comparisons using the Theory of Gaussian Random Fields.
Logistic regression
A mixed effects logistic regression was used to test for relationships between brain function and DDT behavior on a trialby-trial basis. In the model, choices were modeled as immediate versus delayed choices for each trial while missed trials and ME trials were excluded. DDT behavior may be influenced by the difficulty of a decision (hard vs easy); therefore, choice difficulty was included in the model. The model also included parameter estimates from regions where there were significant group differences in activation in hard versus easy contrasts from the whole-brain voxel-wise group analyses. For analyses specific to the HCV group, subjects were grouped into either high or low viral load groups to test the effect of infection severity. One participant with HCV (antibody and PCR positive) was excluded from within group viral load comparisons due to a missing viral load value. DDT behavior was modeled as the dependent variable with viral load, group and choice difficulty as independent variables. This analysis tested the relationship between severities of infection on DDT behavior as a function of choice difficulty.
Results
Demographic characteristics
Final analyses included 20 HCV subjects and 26 CTL subjects after exclusions. Specifically, four subjects were excluded for unusable data in the scanner; two participants only chose immediate options, one randomly selected immediate and delays, and scan artifacts precluded the use of the fourth.
There were no statistically significant differences between the HCV group and CTL group in age, gender, race/ethnicity, education, psychiatric symptom severity (depression or anxiety), or estimated cognitive ability as measured by the WTAR (Holdnack 2001) (Table 1) . Groups did not significantly differ in terms of rates of medical conditions or lifetime alcohol dependence. Lifetime drug dependence and current tobacco use were both significantly higher for the HCV group than for CTLs (Table 1) ; therefore, both were used as covariates in subsequent fMRI analyses. When broken down into substance categories, only rates of lifetime opiate dependence significantly differed between CTLs and the HCV group; rates of stimulant, marijuana, and other drug (hallucinogens, inhalants, and barbiturates) dependence did not significantly differ between groups. All subjects were in remission from substance dependence for at least 1 year, and the amount of time since dependence varied considerably in both groups (CTL = 8.34 ± 10.05 years, HCV = 9.39 ± 10.78 years).
The HCV group included subjects who had been infected with HCV for at least 5 years (mean = 26 years; standard deviation (SD) = 12.35).The following liver functioning data, expressed as mean ± standard deviation, were collected from recent medical records or ordered as part of the study visit: HCV ribonucleic acid (RNA) (log 10 IU/ml) = 6.3 ± 0.9, AST = 61.3 ± 47.3, ALT = 85.7 ± 64.1, platelets (PLT) = 226.1 ± 97.6, and ammonia = 37.4 ± 12.9. Seventeen out of 20 subjects had HCV genotypes available in their medical record (9 with genotype 1, 5 with genotype 2, and 3 with genotype 3). The following risk factors were reported as non-mutually exclusive but possible transmission routes: IDU/shared drug paraphernalia (65%, n = 13), accidental exposure at work (5%, n = 1), blood transfusion (5%, n = 1), tattoos from non-commercial establishments or questionable sources (10%, n = 2), and other risk factors (15%, 1 intercourse with HCV+ spouse, 1 physical fight, 1 unknown).
Behavioral data-impulsivity, choice selection, and level of difficulty On the initial DDT administration run (outside the scanner), the maximum delay period was standardized to 365 days across all subjects. On this initial run, groups did not significantly differ in terms of IMP (HCV = 0.430, CTL = 0.4660, t = 0.416, p = 0.679), indicating the groups did not initially differ in terms of impulsivity or, more specifically, their overall preference for delayed versus immediate rewards. A GLM analysis of this behavioral data revealed a significant main effect of difficulty on choice selection; both groups chose the immediate option more often when the decision was hard than when it was easy (t = 7.547, p < 0.001). The main effect of group was non-significant, but there was a significant difficulty by group interaction (t = − 2.345, p = 0.019) on choice selection. Specifically, the increased tendency (i.e., change in tendency) to pick immediate rewards on hard trials relative to easy trials was more pronounced in the HCV group compared with that in the CTL group (Fig. 2a) . As described previously, the maximum delay period was then modified for each individual with additional runs outside the scanner until they chose an equal number of immediate versus delayed rewards; this maximum delay period was used for the final administration inside the scanner. IMP values from the initial administration (outside the scanner) and the final in-scanner administration were compared. There was a significant trend towards greater impulsivity between IMP from the initial administration to the in-scanner administration with all subjects combined (initial IMP = 0.450, scanner IMP = 0.613, t = −3.007 p = 0.003). A MANOVA with initial and scanner IMP as within subject repeated measures and group as a between-subject factor was significant (Wilk's Lambda = 0.76, F (2,42) = 6.8, p = 0.003). The betweensubject effect of group was non-significant (F (1,43) = 0.04, p = 0.6). There was a significant main effect of time (F (2,86) = 9.52, p < 0.001) but no time-group interaction (F (2,86) = 0.8, p = 0.4). We further examined the interaction using paired t tests. Both groups showed significantly greater impulsivity in the scanner, but the magnitude of the effect did not significantly differ between groups (CTL: initial IMP = 0.466, scanner IMP = 0.648, t = − 3.381, p = 0.002, HCV: initial IMP = 0.430, scanner IMP = 0.567, t = − 2.185, p = 0.042).
Within the scanner, overall, the groups were presented with a similar number of hard and easy choices; the CTL group had 47.5% hard choices and the HCV group had 46.4% hard choices. There were no significant group differences in the number of missed trials. As with the initial run, there were no significant differences between groups in terms of IMP on the final scanner administration (CTL = 0.648, HCV = 0.567, t = 1.189, p = 0.241). A GLM analysis of the behavioral data from the scanner revealed a significant main effect of difficulty on choice selection; both groups chose the immediate option more often when the decision was hard than when it was easy (t = 15.412, p < 0.001). There was also a significant main effect of group (t = − 3.600, p = 0.000) on choice selection; members of the HCV group made more immediate and therefore more impulsive choices than CTLs when level of difficulty was modeled (t = 7.495, p = 0.000). And, there was a significant difficulty by group interaction (t = 3.285, p = 0.001) on choice selection. Specifically, the increased tendency (i.e., change in tendency) to pick immediate rewards on hard trials relative to easy trials was more pronounced in the CTL group compared with that in the HCV group even though the HCV group was more likely to pick immediate rewards than CTLs in both conditions (Fig. 2b) .
In-scanner IMP was used in follow-up analyses examining the effect of IMP on brain activation.
fMRI contrasts
We first ran a whole-brain contrast comparing activation on hard versus easy trials. For the hard-easy whole-brain Fig. 2 By group, the percentage of times participants select immediate rewards over delayed rewards on hard versus easy trials on the delayed discounting task (DDT). Participants in both the hepatitis C virus (HCV) infected and non-infected control (CTL) groups have a significantly (p < 0.05) increased tendency to choose smaller immediate rewards over larger delayed rewards when choices are hard versus when they are easy. a Results from the initial administration of the DDT outside the scanner. b Results from the final administration of the DDT during functional magnetic resonance imaging (fMRI) contrast, the total sample (both groups combined) exhibited significant activation in the ACC, right medial frontal gyrus (MFG), right superior frontal gyrus (SFG), left insula, and left inferior frontal gyrus (IFG) (Fig. 3a) .
A whole-brain group comparison was then run on the hardeasy contrast. When comparing the groups in the hard-easy contrast, the HCV group exhibited significantly reduced activation in the left lateral occipital gyrus, left precuneus, and the left SFG compared with the CTL group (Fig. 3b) ; there were no regions where the HCV group exhibited greater activation compared to CTLs.
A whole-brain group by impulsivity (IMP) interaction was also run on the hard-easy contrast (whole-brain corrected at p < 0.05). In the hard-easy contrast, as IMP increased, activation decreased for the HCV group and increased for the CTL group (whole-brain mean activation in significant areas, Fig. 4) . In other words, HCV subjects who acted more impulsively on the task had less differences in activation between hard and easy decisions than those who were less impulsive, while the opposite was true for CTLs; significant interactive effects were found in the bilateral MFG, left insula, left precuneus, left inferior parietal lobule, and the right temporal occipital gyrus.
Exploratory analysis of the effect of viral load on behavior
The HCV subjects were then each classified into high viral load and low viral load groups. Most of our subjects would be considered high viral load by the standard of 800,000 IU/ml (5.9 log10 IU/ml); therefore, we split subjects on the mean of our sample (6.5 log10 IU/ml). Groups showed no significant differences on demographic variables (Table 1) , except lifetime opiate dependence and depressive symptom severity. There were significant differences in IMP between the two viral groups (low = 0.67, high = 0.43, t = 2.307, p < 0.035). When further examining choice selection and the effect of difficulty, there was a significant main effect of viral load group on choice (t = − 3.813, p < 0.001) and a significant difficulty by viral load interaction (t = 4.298, p < 0.001). Controlling for opiate dependence and depressive symptom severity did not significantly impact results. Specifically, Fig. 3 Whole-brain contrast comparing activation on hard versus easy trials on the delayed discounting task (DDT). a Contrast of hard versus easy decisions for all subjects combined. Significant regions of activation for hard compared to easy choices include the anterior cingulate cortex, right middle frontal gyrus, right superior frontal gyrus, left insula, and left inferior frontal gyrus. b Group differences for the hard versus easy contrast. Compared to the hepatitis C virus (HCV)-positive group, the control (CTL) group exhibits greater differences in activation between hard and easy choices in the left lateral occipital gyrus, left precuneus, and left superior frontal gyrus (p < 0.05, whole-brain corrected) subjects in the high viral load group were more likely to choose the immediate option compared with those in the low viral load group (Fig. 5a) , and the low viral load group had an increased tendency to choose the immediate option during hard trials compared to easy trials (Fig. 5b) .
Discussion
Overall, our findings indicate that brain activation patterns of adults with HCV significantly differ from non-infected adults during a DDT. Specifically, compared with non-infected CTLs, our HCV group exhibited less activation in the left lateral occipital gyrus, left precuneus, and the left SFG in the hard-easy contrasts (Fig. 3b) . Moreover, there were significant interactive effects for hard-easy contrasts in the bilateral MFG, left insula, left precuneus, left inferior parietal lobule, and the right temporal occipital gyrus such that more impulsive adults with HCV showed less differences in activation between hard and easy trials than less impulsive adults with HCV; in contrast, more impulsive CTLs showed more differences in activation between hard and easy trials than less impulsive CTLs (Fig. 4) .
HCV-associated changes in brain activation are particularly noteworthy in our sample given our efforts to match groups in terms of important demographic, medical, psychiatric, and substance use characteristics. Our groups did not significantly differ in terms of age, gender, race/ethnicity, years of education, estimated cognitive ability, psychiatric symptom severity, or history of medical conditions. Since most individuals contract HCV through IDU, we excluded individuals with recent (< 1 year) drug dependence. Although the HCV group evidenced a significantly higher rate of remote drug dependence (in particular, opiate dependence) and current tobacco use, both groups included individuals with these addictions, and there were no significant differences across groups in terms of rates of remote alcohol dependence. Moreover, remote drug dependence and tobacco use were used as covariates in subsequent imaging analyses. Our efforts to match groups in terms of common HCV comorbidities likely resulted in a somewhat healthier HCV group than what might be seen in the general population. Indeed, to minimize differences between groups that might otherwise contribute to brain activation differences, we excluded all subjects with any history of psychiatric disorder other than a remote history of addiction. As we and others have shown, individuals with HCV exhibit higher rates of psychiatric symptoms such as depression, anxiety, fatigue, and pain, which has been correlated with inflammatory markers in some but not all studies (Dwight et al. 2000; Poynard et al. 2002; Fireman et al. 2005; Golden et al. 2005; Rowan et al. 2005; Dan et al. 2006; Martin-Santos et al. 2008; Whitehead et al. 2008; Huckans et al. 2014) . Thus, our design purposely excluded individuals with typical HCV-associated psychiatric disorders, likely resulting in a healthier, less symptomatic HCV group overall.
Although exclusions and matching enhanced the likelihood that group differences in brain activation were due to HCV infection rather than other comorbidities, it may also have contributed to why the HCV and CTL groups did not display differences in IMP on the DDT in the present study. Indeed, in our previous study with a different design and sample, we found that individuals with HCV, regardless of a history of substance dependence, were significantly more likely to choose immediate over delayed rewards than non-infected controls (Huckans et al. 2011) . While groups in this latter study were well matched in terms of demographics and medical history, we did not exclude for mild psychiatric disorders such as depression or anxiety, and we did not include controls with a history of any substance dependence. Thus, HCVassociated symptoms, including impulsivity, may have been pronounced in this latter study while being undetectable in the present less symptomatic sample. One other notable difference was that subjects in the previous study were all veterans from the VAPORHCS while participants in the present study were both veterans and non-veterans recruited from other health care centers and the community; it is unclear how this difference may have impacted the conflicting study findings on the DDT.
While we did not detect significant group differences in terms of IMP on the DDT in the present study, when modeling for choice difficulty, we did find significant differences in DDT performance between those with high versus low viral loads among those who were infected with HCV. When modeling for choice difficulty, we found that individuals in the high viral load group showed a greater propensity for immediate choices irrespective of difficulty, while the low viral load group showed a greater likelihood of choosing more immediate choices on difficult versus easy choices (similar to the pattern seen in CTLs). This finding suggests that severity of infection may contribute to impulsivity and decisionmaking; however, more research is needed to disentangle possible confounding variables such as drug use and exposure. Although the present study did not analyze inflammatory markers in relation to imaging findings and cannot confirm causative mechanisms, results are generally consistent with other studies demonstrating that viral load and peripheral inflammatory factors (e.g., cytokines, chemokines) are related to HCV-associated neuropsychiatric symptoms (Loftis et al. 2008; Hilsabeck et al. 2010; de Almeida et al. 2011; Huckans et al. 2014) .
The present study is also generally consistent with previous neuroimaging studies demonstrating a range of HCVassociated CNS effects (Forton et al. 2001; Taylor et al. 2004; Weissenborn et al. 2004; McAndrews et al. 2005; Grover et al. 2012; Bladowska et al. 2013; Thames et al. 2015; Pflugrad et al. 2016; Kharabian Masouleh et al. 2017; Kumar et al. 2017 ) and with the literature on neuroimmune pathways leading to HCV-associated neuropsychiatric symptoms and CNS changes. Viruses can cross tight junctions due to high levels of viremia and inflammation, and HCV RNA has been detected in cerebrospinal fluid and brain parenchyma (Laskus et al. 2002; Letendre et al. 2007; Adinolfi et al. 2015) . It has been proposed that HCV can cross the blood-brain barrier via infected circulating macrophages and monocytes (i.e., the Btrojan horse^theory of HCV neuroinvasion) (Laskus et al. 2002; Letendre et al. 2007; Adinolfi et al. 2015) or through the involvement of exosomes (Shen et al. 2017) . While brain endothelial cells express receptors that can facilitate HCV neuroinvasion and replication (Fletcher et al. 2012) , there is little direct evidence showing that HCV replicates in the brain or that it is has direct neurotoxic effects on CNS cell function (Liu et al. 2014 ). Thus, other mechanisms for HCV-associated CNS changes and neuropsychiatric symptoms should also be considered-such as resultant neuroinflammation, altered metabolic pathways, or altered neurotransmitter systems (Adinolfi et al. 2015) . By viral load, the percentage of times participants infected with the hepatitis C virus (HCV) select smaller immediate rewards over larger delayed rewards on hard versus easy trials on the delayed discounting task (DDT). a Participants with a high viral load choose immediate rewards significantly (p < 0.001) more often than those with a low viral load. b Participants with a high viral load choose immediate rewards significantly (p < 0.001) more often during both hard trials and easy trials, whereas participants in the low viral load are more likely to choose immediate rewards during hard trials relative to easy trials Moreover, at least some HCV-associated neuroimaging findings could alternatively represent adaptive, compensatory, or protective mechanisms of the CNS to HCV (central or peripheral) infection.
Our findings may have clinical implications for providers working with patients with HCV. CTLs evidenced a positive relationship between impulsivity and activation (hard-easy contrast), while the HCV group evidenced a negative relationship. Does this mean CTLs attempt to exert more cognitive control in the face of hard choices, while HCV-infected adults reduce their effort or do not recognize that additional effort is needed when choices are difficult? Likewise, do individuals with lower viral loads attempt to exert more cognitive control in the face of hard choices, while those with higher viral loads reduce their effort or fail to increase their effort in the face of more difficult choices? Although these types of interpretations cannot be definitively confirmed without additional studies, they suggest that clinicians and researchers may want to consider interventions designed to enhance cognitive control and decrease impulsive decision-making in this population. For example, it may be useful to educate patients about the importance of slowing down to carefully evaluate the short-term and long-term costs and benefits of various choices when they are faced with challenging or complex life decisions, particularly when they are experiencing active HCV symptoms or cognitive difficulties. Our group is investigating the efficacy of compensatory cognitive training (CCT), a brief, manualized cognitive rehabilitation intervention for adults with mild cognitive impairments due to a variety of conditions such as combat-related traumatic brain injury, aging, depression, and addictions (Storzbach et al. 2017) . CCT teaches participants skills to help them manage everyday problems in the areas of attention, memory, and executive functions. In the module on decision-making, participants practice using a worksheet to assist them with making real-life decisions; first, they define the decision and their possible choices, and then, they use a table to break down the potential short-term costs, short-term benefits, long-term costs, and long-term benefits of each choice, before ultimately deciding what to do. For quick decisions when worksheets are not feasible, participants practice asking themselves four questions in their head (i.e., How will this choice help me now? How will it help me later? How will it hurt me now? How will hurt me later?) Future studies could evaluate the efficacy of these types of brief decision-making training interventions with this population, and neuroimaging studies could evaluate whether such interventions impact brain activation patterns (e.g., increase activation of the cognitive control network) during decision-making tasks.
The present study has multiple strengths (efforts to match the control group, use of covariates) and is the first fMRI study to compare brain activation patterns in HCV-infected adults versus non-infected CTLs. A notable weakness, however, is that the design precludes us from determining whether group differences in brain activation patterns during the DDT are due to HCV-associated damage, compensatory mechanisms, or other factors. Additional limitations include a relatively small sample size (limits power, increases the risk of sampling error) and the need to replicate results, particularly with regard to the high versus low viral load analyses. It should additionally be noted that most of our HCV-infected participants had high viral loads by clinical standards, so it is unclear how results may have changed if we had more variability on that measure. Drug dependence diagnoses were significantly more prevalent in the HCV group, particularly for opioid use. Although we corrected for lifetime drug use diagnoses and current substance dependence was exclusionary, the extent to which differences in brain function can be attributed to past drug use is unclear. Moreover, we did not collect quantity and frequency data on recent or lifetime use of alcohol or drugs, and substance use can impact clinical outcomes even in the absence of diagnoses. Future studies with larger sample sizes would be required to accurately model this confound. Studies could also examine whether HCV-associated changes in brain activation during the DDT or other tasks translates to real-world decision-making (e.g., managing money), risk taking, and daily functioning.
Lastly, future studies could examine whether HCV-infected individuals demonstrate impulsiveness and brain activation changes during other gold standard performance measures of impulsiveness, such as the Iowa gambling task (IGT) (Bechara et al. 1994; Buelow and Suhr 2009; Wardle et al. 2010) . The DDT is similar to the IGT in that both tasks ask participants to make decisions that impact potential monetary earnings; however, the DDT is not a gambling task and may not trigger emotional arousal to the extent the IGT does. Moreover, the IGT requires individuals to make choices based on ambiguous reward structures, whereas the DDT provides explicit information about the reward parameters for each choice. Thus, future studies could determine whether HCV status differentially impacts decision-making and brain activation during tasks based on factors such as emotional arousal, emotional distress, and reward or task ambiguity.
In summary, this study adds to current literature demonstrating that HCV is associated with changes in brain activation consistent with reduced cognitive control. Specifically, we found that compared with non-infected CTLs, adults with HCV exhibit differences in brain activation during a DDT and that HCV-infected adults with higher viral loads perform more impulsively on the DDT than those with lower viral loads when taking choice difficulty into consideration (i.e., individuals with lower viral loads are less likely to pick immediate rewards on easy choices relative to hard choices, while those with higher viral loads are more likely to pick immediate rewards regardless of choice difficulty).
